Introduction {#S0001}
============

Chronic obstructive pulmonary disease (COPD) ranks third in terms of total mortality and is one of the most pressing challenges to modern medicine. This disease is characterized by gradually progressing airway obstruction caused by an atypical inflammatory response to inhaled harmful particles and gases, which intensifies during the exacerbation phase.[@CIT0001] The inflammatory process in COPD is both local and systemic.[@CIT0002] A large amount of recent data suggests the importance of Toll-like receptors (TLRs) in the initiation and development of the inflammatory process in COPD. These receptors belong to the family of pathogen-recognizing receptors (PRRs). Their major functions are to recognize the molecular structures of pathogens (pathogen-associated molecular patterns, PAMPs) and the products of cellular damage (damage-associated molecular patterns, DAMPs), and thus ensure a quick response of cells to microbial/viral infection or violation of tissue homeostasis, respectively. So far, 10 human TLRs have been identified. They are localized on organelle (TLR3, TLR7, TLR8, and TLR9) and cellular (TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10) membranes.[@CIT0003] A number of studies report the involvement of TLR3, TLR7, and TLR9 in an inflammatory response to viral infection in COPD.[@CIT0004]--[@CIT0009] However, numerous studies have shown that TLR2 and TLR4 are the most significant receptors for the development of COPD. They are involved in the pathogenesis of this disease in several ways.[@CIT0010]--[@CIT0013]

The aim of the review is to analyze the modern views on the role of TLR2 and TLR4 in the pathogenesis of COPD.

Biology of TLR2 and TLR4 {#S0002}
========================

Toll-like receptors, including TLR2 and TLR4, are type 1 transmembrane proteins with three domains: 1) extracellular domain with leucine-rich repeats (LRRs) responsible for ligand recognition; 2) transmembrane domain; and 3) intracellular Toll/interleukin-1 receptor (TIR) domain that provides signal transmission from the cell surface to adapter proteins. TLR2 and TLR4 are membrane-associated receptors involved in lipid recognition. TLR2 recognizes glycolipids and lipoproteins/lipopeptides of Gram-positive bacterial cell walls. The receptor was shown to form heterodimers with TLR1 (TLR2/1) and TLR6 (TLR2/6), that are able to recognize triacylated lipopeptides of Gram-negative bacteria and diacylated lipopeptides of Gram-positive bacteria, respectively. The main ligand of TLR4 is lipopolysaccharide (LPS)/endotoxin, the main component of Gram-negative bacterial cell walls; CD14 and MD-2 molecules are also involved in its recognition. In addition to pathogens, both of these TLRs are able to bind endogenous ligands (DAMPs) released as a result of cell death due to oxidative stress caused by environmental factors. It is known that TLR2 and TLR4 are expressed both by innate (neutrophils, macrophages, dendritic cells, endothelial cells, epithelial cells of the skin and mucous membranes) and adaptive immunity cells. Ligand binding to TLR initiates either one of two key signal cascades: MyD88 (myeloid differentiation primary response gene 88) or TRIF-dependent (TIR-domain-containing adapter-inducing interferon-β) pathways mediated by MyD88/TIRAP (TIR-domain-containing adapter protein) and TRIF/TRAM (TRIF-related adapter molecule) complexes of adapter proteins, respectively. TLR2, like most TLRs, implements its functions via MyD88-dependent signaling. The activation of TLR4 can initiate both MyD88-dependent and TRIF-dependent signaling pathways. The MyD88-dependent signal cascade activates nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) or mitogen-activated protein kinase (MAPK) signaling pathway followed by a synthesis of molecules associated with inflammation. The initiation of TRIF-dependent signaling pathway via TLR4 located on the endosomal membrane leads to a phosphorylation of transcription factor IRF3, which regulates the expression of type 1 interferon genes involved in antiviral immunity ([Table 1](#T0001){ref-type="table"}).[@CIT0003],[@CIT0011]Table 1Ligands of TLR2 and TLR4Type of LigandsTLR2/1/6TLR4Microbial ligandsTriacylated lipopeptides\
diacylated lipopeptides glycolipids zimozan lipoteichoic acid (LTA) peptidoglycan (PGN)Lipopolysaccharide (LPS)Endogenous ligandsHigh-mobility group protein B1 (HMGPB1) heat shock proteins (HSPs) hyaluronan fibronectinHMGPB1 fibrinogen heparin sulphate hyaluronic acid fibronectinSynthetic ligandsPam3CSK4\
Pam2CGDPKHPKSF (FSL-1)--

TLR2 and TLR4 in the Initiation of Inflammation in COPD {#S0003}
=======================================================

Cigarette smoke and components of polluted air (combustion products of diesel and bioorganic fuels, industrial dust, etc.) act as the triggers of inflammatory process in COPD. These substances can activate TLRs both via LPS, which is often found in tobacco smoke and particles of polluted air, and by releasing DAMPs (high-mobility group protein B1 (HMGPB1), heat shock proteins (HSP60, HSP70), β defensin, hyaluronic acid, fibronectin, heparin sulphate, biglycan).[@CIT0014]--[@CIT0018]

Cigarette smoke has been revealed to cause increased expression and activation of TLR2 and TLR4 on immune and epithelial cells of the respiratory tract both in humans and experimental animals.[@CIT0019]--[@CIT0021] These receptors initiate the MyD88-dependent signal cascades that result in the activation of NF-κB followed by the synthesis of cytokines and chemokines. In turn, these mediators are responsible for the recruitment of monocytes and neutrophils in the lung. These inflammatory cells release proteolytic enzymes (matrix metalloproteinases, neutrophil elastase) contributing to the destruction of lung tissue, along with TGF-β1 that is involved in the processes of airway remodeling.[@CIT0013] Using human bronchial cell culture, Pace et al have shown that TLR4/MyD88 signaling plays a key role in the initiation of immune response to exposure to cigarette smoke. The main result of the activation of this signaling pathway is the synthesis of the neutrophil chemoattractant C-X-C Motif Chemokine Ligand 8/interleukin-8 (CXCL8/IL-8).[@CIT0019] The increased number of neutrophils in bronchoalveolar lavage is an important feature of COPD. The study in a mouse model of cigarette smoke-induced emphysema has found that TLR4 is involved in the development of the main clinical manifestations of COPD, such as fibrosis, emphysema, and pulmonary function impairment ([Table 2](#T0002){ref-type="table"}).[@CIT0021]Table 2The Mechanisms of the Influence of Exogenous Factors on TLR Signal Pathways in COPDExogenous FactorsLigandsTarget CellsExpression/Activation of TLRsTLR-Mediated Signal PathwaysPathophysiological EffectRef.Cigarette smokeLPS, DAMPsAIC, AEC↑ TLR2, TLR4↑ MyD88/NF-κB↑ IL-8 and other pro-inflammatory cytokines[@CIT0019]--[@CIT0021],[@CIT0032]AEC↓ TLR2, TLR4--↓ Protection of lung tissue from oxidative stress[@CIT0020]--[@CIT0022]PMsLPS, DAMPsAIC, AEC↑ TLR2, TLR4↑ MyD88/NF-κB,\
↑ MyD88/AP-1↑ TNF-α, IL-6, IL-8, CCL5, etc.[@CIT0017],[@CIT0018],[@CIT0026]Bacteria, virusesLPSAEC↑ TLR4↑ MyD88/NF-κB↑ Pro-inflammatory cytokines and chemokines[@CIT0031],[@CIT0032]NTHi↓ TLR2↓ MyD88/NF-κB↓ Antimicrobial proteins and peptides[@CIT0033]LPS, Poly I:C, imiquimod/R848 + IL-17, IFN-γ↑ TLR3, TLR7↑ MyD88/NF-κB;\
TRIF-dependent pathway↑ IL1-β, IL-6, IL-8, TNF-α, IFN-α, IFN-β, IFN-λ[@CIT0008],[@CIT0009],[@CIT0034]NTHi, MC, SP,\
LPS, Pam~3~CSKAMRestimulation of TLR2, TLR4↓MyD88/NF-κB↓ TNF-α, CCL5, IL-10, GM-CSF except IL-6 and IL-8; tolerance to bacterial pathogens[@CIT0035]--[@CIT0037]LPS, Pam~3~CSK~4~TLR4 stimulation and subsequent TLR2 stimulation↑ MyD88/NF-κB↑ TNF-α, CCL5, IL-6, IL-8, IL-10[@CIT0036]Pam~3~CSK~4~, zymosan, FSL-1, LPSL↓ TLR2, TLR4↓ MyD88/NF-κB↓ GM-CSF, IL-10, IL-1β; tolerance to bacterial pathogens[@CIT0039]PM + bacteriaDAMPs + PAMPsDC, AM↓ TLR2, TLR4↓ MyD88/NF-κB↓ TNF-α except IL-8; tolerance to bacterial pathogens[@CIT0017],[@CIT0025]Cigarette smoke + bacteria, virusesDAMPs + LPS, NTHi, LTA, PGN, lipopeptide amiA, SA, SPAM, M↓ TLR2, TLR4↓ p38, ERK (MAPK),\
↓ p65 (NF-kB)↓ TNF-α, GM-CSF, IL-6, CCL5 except IL-8 and IL-10; tolerance to bacterial pathogens[@CIT0041],[@CIT0042]DAMPs + PAMPs↑ TLR3↑ TRIF-dependent pathway↑ IL-8[@CIT0005]DAMPs + LTA-containing PGNM↑ TLR2↑ MyD88/NF-κB↑ TNF-α, IL-6[@CIT0043]DAMPs + LPSBN↑ TLR2, TLR4, TLR9↑ MyD88/NF-κB↑ IL-8, MMP-9; neutrophilic inflammation[@CIT0004],[@CIT0010],[@CIT0044]DAMPs + PAMPsAN↓ TLR2↓ MyD88/NF-κBTolerance to bacterial pathogens[@CIT0045]DAMPs + PAMPsCTL↑ TLR2/1, TLR4, TLR9↑ MyD88/NF-κB↑ IL-1β, IL-6, IL-10, IL-12, TNF-α, IFN-γ[@CIT0006],[@CIT0007][^1]

Besides participating in the cigarette smoke-induced pro-inflammatory mechanisms, TLR2 and TLR4 are also involved in protecting the lung tissue against oxidative stress caused by cigarette smoke. This is evidenced by the results of experimental studies conducted on TLR-deficient mice with cigarette smoke-induced emphysema.[@CIT0020],[@CIT0021] The correlation between the development of emphysema, airflow limitation and low expression of TLR4 in the lung tissue of smokers has been found.[@CIT0022] The experimental study has shown that cigarette smoke and Hsp70, which may be released as a result of tobacco smoking, inhibit the expression of TLR2 and TLR4 mRNA in bronchial epithelial cells in COPD. However, this effect was not observed at the time of combined exposure to these factors.[@CIT0023] Thus, there is a need to study the mechanisms of the influence of cigarette smoking on the expression and activity of TLRs in COPD ([Table 2](#T0002){ref-type="table"}).

Indoor and outdoor air pollution is a significant risk factor for COPD along with smoking. The main component of polluted air is suspended particulate matter (PMs). Experimental studies have shown that PMs are also able to increase expression and activation of TLR2 and TLR4 on alveolar macrophages and epithelial cells of the respiratory tract, thereby enhancing the inflammatory response. These particles initiate TLR2/MyD88 and TLR4/MyD88 signaling cascades, which lead to the activation of transcription factors AP-1, NF-κB. The activation is followed by a synthesis of pro-inflammatory mediators (tumor necrosis factor-α (TNF-α), IL-6, IL-8, chemokine C‐C motif receptor 5/regulated on activation, normal T cell expressed and secreted (CCL5/RANTES), etc.).[@CIT0017],[@CIT0018],[@CIT0024] It should be noted that the activation of TLR signaling pathways depends on the particle diameter. PMs with a diameter of ≤2.5 µm (PM2.5) activate TLR2, while PMs with a diameter of ≤10 µm (PM10) mediate their action through TLR4.[@CIT0025],[@CIT0026] The effect of PMs on TLR2 and TLR4 is related to airway obstruction and emphysema ([Table 2](#T0002){ref-type="table"}).[@CIT0017]

Budulac et al have shown that polymorphism of the *TLR2* and *TLR4* genes is associated with a reduced pulmonary function and an increased number of inflammatory cells in the sputum in COPD patients, which indicates that these receptors are involved not only at triggering local inflammatory response at the initial stages of the disease, but also during further development of the disease.[@CIT0027] A number of other genetic studies have also revealed a relationship between *TLR2* and *TLR4* gene polymorphism and the risk of developing COPD.[@CIT0028],[@CIT0029] Haw et al have found that the mRNA levels of TLR2, TLR4, and their coreceptors (TLR1, TLR6, CD14, and MD2) were increased in the airway epithelium of patients with mild and moderate COPD. However, the expression of these receptors was decreased in lung parenchymal cores from patients with severe COPD. The authors believe that the increased TLR expression at the initial stage of COPD is caused by cigarette smoke exposure, but the reduced levels of receptors observed during the disease progression are due to tissue destruction.[@CIT0021] It should be mentioned that the comparison of TLR mRNA levels between mild-to-moderate and advanced COPD was carried out in samples of various tissues (airway epithelium and lung parenchymal cores), which is a limitation of the study.

Thus, the data on the role of TLR2 and TLR4 in local inflammation at COPD are contradictory. On the one hand, the constant exposure of respiratory tract cells to the main COPD risk factors (cigarette smoke and air pollutants) has been established to cause excessive activation of the TLR2 and TLR4 signaling pathways. On the other hand, there are data indicating the protective role of these receptors in COPD. The described mechanisms and their participation in the progression of inflammation in COPD require further studies.

TLR2 and TLR4 in the Development of COPD Exacerbation {#S0004}
=====================================================

Exacerbations of COPD are associated with changes in microbiota and increased inflammation of the respiratory tract. Bacteria and viruses can colonize the lower respiratory tract in COPD, facilitating secondary infections that lead to an acute exacerbation of the disease.[@CIT0030]

Bacterial colonization of the lungs is a common feature of COPD. It contributes to the development of exacerbations and the progression of the pathology by maintaining the inflammatory process in the respiratory tract. *Streptococcus pneumoniae*, nontypeable *Haemophilus influenzae* (NTHi),*Moraxella catarrhalis*, and *Pseudomonas aeruginosa* are the bacteria most often detected in the lower airways of COPD patients.[@CIT0014],[@CIT0030] According to research, TLR2 and TLR4 are the main TLRs that provide an immune response to bacterial invasion of the respiratory tract, thereby participating in the development of COPD exacerbation. There are a number of PAMPs recognized by TLR2, including lipoteichoic acid (LTA), pneumolysin (*S. pneumoniae*), outer membrane porin protein 2, outer membrane porin protein 6 (NTHi). The ligands for TLR4 are LTA, pneumolysin (*S. pneumoniae*), LPS (NTHi, *M. catarrhalis, P. aeruginosa*).[@CIT0014] However, the possibility of LPS contamination in these studies should be considered. The most common viruses that cause acute exacerbations of COPD are rhinovirus, adenovirus, and influenza virus.[@CIT0030]

During exacerbation of COPD, the violation of TLR signal transduction is observed in the bronchial epithelial cells in response to bacterial or viral infection. The patients with exacerbated COPD exhibited an elevated expression of TLR4 and MyD88 in the lung.[@CIT0031] An increased airway bacterial load (*P. aeruginosa*) and high levels of TLR4 expression in bronchial epithelial cells have been observed in severe and very severe COPD. It has been demonstrated that these indicators positively correlate with the degree of airflow obstruction.[@CIT0032] Besides that, TLR2 is also involved in the regulation of an immune response of the airway epithelium against bacteria in COPD. In a recent study, Amatngalim et al have shown that airway epithelial cells from mild-to-moderate COPD patients exhibited attenuated antibacterial activity in response to NTHi infection compared to the cells from smokers/ex-smokers with a normal pulmonary function. The authors suggest that the deterioration in the synthesis of antimicrobial proteins and peptides in COPD is caused by impaired induction of the TLR2 signaling pathway in airway epithelial cells.[@CIT0033] In addition, there is evidence of an increase in TLR3 and TLR7 mRNA levels in airway epithelial cells under high levels of IL-17 and IFN-γ in the microenvironment, that is a characteristic feature of COPD. Enhanced signaling via these receptors can increase the inflammatory response due to the production of IL-1β, IL-6, IL-8, TNF-α, IFNs, and worsen the symptoms of virus-induced COPD exacerbation.[@CIT0009],[@CIT0034] Similar results were obtained in a study of lung whole tissue explants from COPD patients.[@CIT0008] Thus, current literature data indicate that increased TLR4/MyD88, TLR3 and TLR7 signaling and defective TLR2 signaling in airway epithelial cells contribute to COPD exacerbation and progression under viral or bacterial infection ([Table 2](#T0002){ref-type="table"}).

Another proposed mechanism for the development of COPD exacerbation is the formation of TLR-induced tolerance of alveolar macrophages to persistent bacteria. Berenson et al have demonstrated that the tolerance is reflected in a reduced cytokine response (TNF-α, IL-8) to NTHi, *M. catarrhalis*, and *S. pneumoniae*, mediated by TLR2, TLR4, MyD88, and NF-κB. A correlation was found between the impaired antibacterial response of alveolar macrophages and the clinical tendency to COPD exacerbation.[@CIT0035] As shown by Lea et al, the tolerance may be associated with repetitive stimulation of alveolar macrophages with the same TLR2 (Pam3CSK4) or TLR4 (LPS) ligand, which leads to a decrease in the production of TNF-α, CCL5, and IL-10, except IL-6 and neutrophilic attractant IL-8.[@CIT0036] Knobloch et al have also revealed a high IL-8 level and a decrease in the production of other pro-inflammatory cytokines by alveolar macrophages in response to a single exposure to LPS in COPD patients.[@CIT0037] This suggests a cytokine-specific effect of bacterial infection on alveolar macrophages. Apparently, IL-8 plays a key role in maintaining the inflammatory response against bacteria in the lungs in COPD patients by recruiting neutrophils. However, TLR4 stimulation and subsequent TLR2 stimulation, alternatively, increased the secretion of pro-inflammatory cytokines. This effect is associated with TLR4 activation that elevates the expression of the *TLR2* gene.[@CIT0036] The enhanced production of cytokines, which is induced by various TLR stimuli, can be of great clinical importance for COPD patients simultaneously exposed to several bacterial strains in both stable and exacerbated COPD ([Table 2](#T0002){ref-type="table"}).

Bacterial PAMPs can also enter the bloodstream and participate in the regulation of systemic inflammation in COPD. There is evidence of a decrease in TLR2 expression on monocytes as COPD progresses.[@CIT0038] According to the results of in vitro study, the inhibition of TLR-2/1-, TLR-2/6- and TLR4-dependent secretion of cytokines (granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-10, and IL-1β) by leukocytes has occurred at the last stages of COPD in the presence of chronic bacterial lung infection ([Table 2](#T0002){ref-type="table"}).[@CIT0039]

The results of modern studies attest to the fact that components of cigarette smoke and polluted air may influence PAMP-induced inflammatory response in COPD at local and systemic levels. Suspended particles have been reported to suppress the expression of TLR2 and TLR4 on dendritic cells and alveolar macrophages, except for IL-8, thereby resulting in the development of tolerance to bacterial pathogens and more frequent exacerbations of COPD.[@CIT0017],[@CIT0025] In addition, Allard et al have reported that alveolar macrophages, as in the case of bacterial infection, are capable of causing adaptation to the repeated exposure to inhaled oxidative toxicants present in ambient air via the activation of the transcription factor forkhead box P3 (FoxP3) which is involved in the mechanisms of limiting inflammation.[@CIT0040] Metcalfe et al have demonstrated in an experimental study that the exposure to cigarette smoke on alveolar macrophages derived from COPD patients leads to the suppression of TLR4-induced synthesis of TNF-α, GM-CSF, IL-6, CCL5 (with the exception of IL-8) in response to bacterial ligands (LPS, NTHi). This effect is due to a decrease in the expression of MAPK kinases (p38, extracellular signal-regulated kinase (ERK)) and p65 (NF-κB subunit).[@CIT0041] Knobloch et al have also shown that a monocyte-dependent immune response to a bacterial infection is suppressed by cigarette smoke and is impaired in COPD. A decreased cytokine response (GM-CSF, TNF-α) of circulating monocytes to ligands of TLR2, TLR4 and nucleotide-binding oligomerization domain-containing protein (NOD2), such as peptidoglycan (PGN), lipoteichoic acid (LTA), lipopeptide amiA, *S. aureus* (SA) and *S. pneumoniae* (SP) extracts, has been detected in smokers and patients with COPD. The authors believe that this effect is associated with down-regulation of these PRRs. Additionally, it was noted that patients with COPD have increased secretion of the pro-inflammatory cytokine IL-10 by monocytes, which also suppresses the synthesis of inflammatory mediators in this respiratory pathology. This study has also shown that the elevated levels of IL-8 were maintained, which indicates the participation of this cytokine not only in local but also in systemic inflammatory process in COPD.[@CIT0042] Thus, according to recent studies, the influence of cigarette smoke and PMs on alveolar macrophages and circulating monocytes causes a decrease in the responsiveness of these cells to bacterial invasion in COPD, while the inflammatory process is maintained by a high concentration of IL-8.

Controversially, earlier data obtained by Pons et al indicate an elevated TLR2 expression on blood monocytes in smokers with stable and exacerbated COPD compared to non-smokers and smokers with normal pulmonary function. Upon stimulation with TLR2 ligand, monocytes isolated from the blood of COPD patients secreted higher levels of IL-6 и TNF-α than monocytes from smokers and non-smokers without COPD.[@CIT0043] It should be noted that the agonist used in this study (LTA-containing PGN) most likely caused simultaneous stimulation of TLR2 and NOD2 signaling pathways that could affect the increased secretion of the mediators.

Cigarette smoke has been shown to cause up-regulation of TLR3 expression in alveolar macrophages and TLR2/1, TLR4 and TLR9 expression in cytotoxic T lymphocytes (CD8^+^ cells) during viral infection, which leads to increased secretion of pro-inflammatory mediators, such as IL-1β, IL-6, IL-8, IL-10, IL-12p70, TNF-α, and IFN-γ.[@CIT0005]--[@CIT0007] Smoking appears to enhance the inflammatory response to viral infection, as opposed to bacterial infection.

It is known that the neutrophilic inflammation is a characteristic feature of COPD. A number of researchers have demonstrated that the effect of LPS on neutrophils from smokers with COPD results in an increase in TLR2/TLR4 expression and a subsequent enhancement of the synthesis of IL-8 and matrix metalloproteinase-9 (MMP-9).[@CIT0010],[@CIT0044] It has been revealed that TLR9 can also contribute to the cigarette smoke-mediated neutrophilic response by providing IL-8 secretion from circulating neutrophils.[@CIT0004] Apparently, an enhanced blood neutrophilic response in COPD can be triggered by both bacterial or viral infection and cigarette smoke. However, there is evidence of decrease in TLR2 expression on neutrophils during their migration from the bloodstream into the airways in smokers with COPD. It may be the cause of decreased effectiveness of recognition and elimination of pathogens as well as bacterial colonization of the lungs in COPD.[@CIT0010],[@CIT0045] Some researchers have reported no changes in TLR4 expression on blood monocytes and neutrophils in patients with COPD compared to non-smokers and smokers with normal pulmonary function ([Table 2](#T0002){ref-type="table"}).[@CIT0010],[@CIT0043],[@CIT0045],[@CIT0046]

In general, the results of studies presented in the literature suggest that there are differences between local and systemic effects of PAMP-mediated activation of TLR2/TLR4 in COPD. In addition, it is known that adverse environmental factors, such as cigarette smoking and air pollution, have a great impact on these processes. Nevertheless, the mechanisms through which TLRs participate in the development of COPD exacerbation remain to be investigated due to the contradictory findings and varying methodological approaches.

TLR2 and TLR4 in the Formation of T-Helper Immune Response in COPD {#S0005}
==================================================================

According to modern concepts, T-helper (Th) lymphocytes play an important role in the regulation of the inflammatory process. Each of Th subpopulations (type 1 T-helpers (Th1), Th2, Th17, T-regulatory cells (Treg), etc.) forms its own immunoregulatory pathway, characterized by a specific cytokine profile and a set of effector cells. Whereas Th1, Th2, Th17 cells are responsible for the enhancement of inflammatory response, the main function of Tregs is its inhibition. In COPD, a predominance of Th1 and Th17 types of immune response has been detected.[@CIT0047],[@CIT0048] Moreover, Th17-associated inflammation is characterized by severe airway obstruction and a high risk of infectious complications.[@CIT0048] A lot of researchers argue that an imbalance between subpopulations of Th17 cells and Tregs promotes COPD progression.[@CIT0049]--[@CIT0051]

There is more evidence of the contribution of TLRs in the formation of Th immune response, including the regulation of Th17/Treg balance. The ligands of these receptors have been shown to have both indirect and direct effects on Th cells.[@CIT0052]

An indirect effect is manifested through the activation of antigen-presenting cells (APCs), which leads to the expression of a number of cytokines, chemokines and costimulatory molecules necessary for naive CD4^+^ cells priming in the lymph nodes. The interaction between APCs and naive Th cells determines the further formation of T cell response.[@CIT0053],[@CIT0054] The activation of dendritic cells via the TLR2-MyD88-mediated signaling pathway induces the differentiation of Th17 cells ([Figure 1](#F0001){ref-type="fig"}).[@CIT0052]Figure 1The role of TLR2 and TLR4 in the formation of Th17 immune response in COPD.**Abbreviations:** FoxP3 -- forkhead box P3, IL-6 -- interleukin-6, IL-6R -- IL-6 receptor, MHCII -- histocompatibility complex class II, MyD88 -- myeloid differentiation primary response gene 88, RORα -- retineic-acid-receptor-related orphan nuclear receptor α, RORC -- retineic-acid-receptor-related orphan nuclear receptor C, RORγt -- retineic-acid-receptor-related orphan nuclear receptor γ, TRIF -- toll/interleukin-1 receptor-domain-containing adapter-inducing interferon-β, TCR -- T cell receptor, Th0 -- naive T helper cell, Th1 -- T helper cell type 1, Th17 -- T helper cell type 17, Treg -- T regulatory cell, TLR -- toll-like receptor**Legend:** Recently three mechanisms of the influence of TLRs on the formation of T-helper immune response in COPD are proposed: 1) the activation of TLR2 signaling in dendritic cells during the presentation of antigen to Th0 cells enhances the expression of RORγt, RORC (Th17-associated transcription factors) and thus contributes to the differentiation of Th17 cells; 2) TLR2 signaling in Tregs initiates the synthesis of IL-6; IL-6, acting in an autocrine manner, inhibits the expression of FoxP3 responsible for the suppressive activity and initiates the expression of RORC in these cells; as a result, the polarization of Tregs towards Th17 cells occurs; 3) the switching from the TLR4/MyD88-dependent pathway to the TLR4/TRIF-dependent pathway in Th1 cells leads to a decrease in synthesis of IL-2 and IFN-γ and the inhibition of IL-2-mediated proliferation of these cells. Thus, the activation of these mechanisms causes an imbalance between T-helper subpopulations towards Th17 cells, which leads to COPD progression.

Toll-like receptors may directly regulate T-cell function, as evidenced by the fact that T-helpers express most of the TLRs. In vitro studies have shown that TLR2 and TLR4 ligands act as costimulatory molecules during T-cell receptor (TCR) activation, enhancing the proliferation and survival of T-lymphocytes.[@CIT0052]--[@CIT0056] In addition, it has been shown that stimulation of TLR2 with endogenous ligand HSP60 induces the adhesion and suppresses the chemotaxis of T cells by up-regulating suppressor of cytokine signaling 3 (SOCS3) expression.[@CIT0057]

Another important function of TLR signaling in the development of Th immune response is the participation in CD4^+^ cell polarization. Recent studies strongly suggest the importance of the TLR2-mediated signaling for Th17 immune response. Several scientific groups have found that during TCR activation TLR2 signal mediated MyD88-dependent signaling pathway enhances the expression of key Th17 transcription factors activating IL-17 synthesis: retineic-acid-receptor-related orphan nuclear receptor γt (RORγt), RORα, and RORC.[@CIT0055],[@CIT0058]--[@CIT0060] Thus, TLR2 signaling promotes TCR-dependent development of Th17 cells. Besides that, Nyirenda et al have discovered that TLR2 activation (Pam3Cys) in Tregs increases the proliferation, but inhibits the suppressive activity of these cells. The mechanism of this regulation was also described. The TLR2 signaling in Treg cells increases the synthesis of IL-6 that plays an important role in the differentiation of Th cells. In turn, IL-6, acting on Tregs in an autocrine manner, inhibits the expression of transcription factor forkhead box P3 (FoxP3) mediating the suppressive properties of these cells. The Jak/STAT5 signaling pathway is also involved in the process. If TGF-β is present in the microenvironment, IL-6 enhances the expression of Th17-specific transcription factor RORC via Jak/STAT3 signaling cascade. The sequential activation of TLR2 and IL-6 signaling pathways in Tregs results in the formation of Th17-like cells producing the pro-inflammatory cytokine IL-17 ([Figure 1](#F0001){ref-type="fig"}).[@CIT0060],[@CIT0061] Nevertheless, there is evidence of the activation of Tregs suppressor functions via TLR2 signaling initiated by HSP60, Pam3Cys, and *Bacteroides fragilis* capsular polysaccharide A (PSA). These TLR2 ligands have been shown to modulate Th1/Th2 balance by decreasing the expression of Th1 transcription factor T-bet and increasing the synthesis of Th2 transcription factor GATA-3 in T cells.[@CIT0057] However, in other studies, the effect of TLR2 ligands (Pam3Cys, Pam3Csk4, FSL-1) on these transcription factors has not been detected.[@CIT0055],[@CIT0058] These differences in results may be associated with the use of varying ligands and research methods. It can be concluded that the TLR2 signaling pathway contributes to the control of Treg/Th17 and Th1/Th2 balance. However, the exact mechanisms of this process require further investigation.

Knobloch et al have described the contribution of TLR4 signaling pathway to the functioning of Th1 cells in COPD. They have found a reduction in the Th1-mediated immune response to Gram-negative bacterial infections in smokers with and without COPD. This down-regulation was caused by a smoking-induced violation of TLR4/MyD88/IRAK (interleukin-1 receptor-associated kinase)/MAPK signaling that led to the decrease in LPS-activated TLR4 expression in circulating Th1 cells. In turn, the lowered expression of *TLR4* gene caused the suppression of the synthesis of IFN-γ, a key cytokine for differentiation and functioning of Th1 cells. It has been shown that TLR4/TRIF/IKKε (IkB kinase ε)/TBK1 (TANK-binding kinase 1) signaling is essential for IFN-γ secretion from Th1 cells. It should be noted that short-chain LPS was used as the TLR4 ligand in this study because this LPS form activates TLR4 independent of co-receptor CD14 which is not expressed by Th1 cells. In addition, the bacteria most commonly detected in the airways of COPD patients synthesize various forms of LPS, including the short-chain form. This mechanism may explain the increased susceptibility to bacterial infections in COPD.[@CIT0062] This research team has revealed yet another disturbance of TLR4 signal transmission on CD4^+^ cells in COPD. It was manifested in switching from MyD88- to TRIF-dependent signaling pathway and led to the suppression of IL-2-dependent proliferation of CD4^+^ cells and the inhibition of Th1 immune response ([Figure 1](#F0001){ref-type="fig"}).[@CIT0063] Thus, TLR4 signaling pathway plays an important role in the functioning of Th1 cells in COPD.

The activation of the above-described mechanisms causes the imbalance of T-helper subpopulations in COPD towards the increase in the number of Th17 cells and the decrease in the number of Th1 cells and Tregs that eventually leads to a worsening of the disease. Thus, fundamental studies in recent years have made major contributions to the understanding of mechanisms through which TLR signaling pathways influence the polarization of Th immune response. However, their role in the progression and the development of COPD exacerbations is not completely understood.

Therapeutic Implications of TLR2 and TLR4 Signaling Pathways in COPD {#S0006}
====================================================================

Given the important role of TLR2 and TLR4 signaling pathways in COPD pathogenesis, these receptors and their adapter molecules are recently considered as promising molecular targets for therapeutic action in COPD. These receptors include both membrane receptors (MD-2, TLR2, TLR4) and the molecules of intracellular cascades (TIR domain, MyD88, IκB kinases, NF-κB, etc.) ([Table 3](#T0003){ref-type="table"}).[@CIT0064]--[@CIT0069]Table 3Proposed Therapeutic Agents for the Treatment of COPDTherapeutic AgentType of Therapeutic AgentMolecular TargetReferenceBudesonideGlucocorticosteroidTLR2, TLR4[@CIT0070]--[@CIT0072]UlinastatinProtease inhibitorHMGB1/TLR4 signal pathway[@CIT0073]SulforaphaneNatural isothiocyanateTLR2/TLR4/MyD88 signal pathway[@CIT0074]ResveratrolPlant polyphenolTLR4/MyD88 signal pathway via RIP1[@CIT0066]Bufei Yishen granulesChinese herbsTLR-4/NF-κB signal pathway[@CIT0075]Resolvin D2 (RvD2)Pro-resolving mediatorTLR4[@CIT0077]PPP1R11RING finger E3 ligaseTLR2[@CIT0078]C16H15NO4 (C29)/ortho-vanillinSmall molecule inhibitor/its derivativeTIR domain; TLR2/1 and TLR2/6 signal pathways[@CIT0065],[@CIT0069]ST2825Synthetic inhibitorMyD88[@CIT0066]BX795Synthetic inhibitorTLR4/TRIF signal pathway via IRF3[@CIT0079]

According to experimental studies, budesonide, a glucocorticosteroid widely used to treat COPD, may be one of the possible therapeutic agents modulating TLR2 and TLR4 signaling pathways. It has been found that budesonide in combination with pro-inflammatory stimuli (PGN, LPS, TNF, organic dust) synergistically increases TLR2 expression on alveolar macrophages from smokers with COPD and on primary bronchial epithelial cells.[@CIT0070],[@CIT0071] Thus, this glucocorticosteroid has a beneficial effect in acute exacerbations of COPD caused by microorganisms and air pollutants through TLR2-mediated enhancement of the immune response. At the same time, Pace et al have shown that this drug increases the suppressive activity of Tregs due to elevated expression of TLR4 and TLR2 and thereby inhibits the inflammatory process in asthma.[@CIT0072] This effect may also occur in COPD pathogenesis.

According to current evidence, the inhibition of TLR2 and TLR4 activation may be an effective strategy for suppressing an excessive inflammatory response in COPD. In this regard, several candidates for the role of the therapeutic agent in COPD have been investigated.

Ulinastatin, a broad-spectrum protease inhibitor, may be one of the possible TLR inhibitors. Its protective effect on the lungs of COPD rats was shown to be associated with the inhibition of molecules involved in HMGB1/TLR4 signaling. In this way, ulinastatin inhibits the excessive release of inflammatory mediators (TNF-α, IL-6, and IL-8) and reduces lung tissue damage.[@CIT0073]

Zeng et al have demonstrated that sulforaphane, an isothiocyanate naturally occurring in cruciferous vegetables, exhibits an anti-inflammatory effect by inhibiting cytokine expression via the TLR2/TLR4/MyD88 signaling pathway in macrophages derived from monocytes from patients with COPD.[@CIT0074] Ma et al have shown in the experimental study that Chinese herbal granules "Bufei Yishen" are effective in reducing inflammation in COPD. The potential mechanism of their action appears to be the suppression of TLR-4/NF-κB signaling.[@CIT0075] There is evidence of an inhibitory effect of plant polyphenols (resveratrol, epigallocatechin gallate, kaempferol-3-O-sophoroside, naringenin, catechin) on TLR4 and TLR2 signal transduction.[@CIT0076] Resveratrol is a particularly promising candidate for the treatment of chronic inflammatory diseases. This drug suppresses the TLR4/MyD88 signaling pathway through exposure to RIP1 which interacts with TRIF and mediates NF-κB activation.[@CIT0066]

In accordance with Croasdell et al, resolvin D2 (RvD2) that belongs to specialized pro-resolving mediators (SPMs) and promotes the resolution of inflammation is able to reduce TLR4 expression in human monocytes and weaken LPS-caused inflammation. These data provide a new perspective for using SPMs in target COPD therapy.[@CIT0077]

McKelvey et al have described a new mechanism of the regulation of TLR2 expression in murine lung epithelial cells in response to ligand stimulation (Pam3CSK4) via receptor ubiquitination with a RING finger E3 ligase, PPP1R11. Although TLR2 degradation inhibits an excessive inflammatory response, it also impairs bacterial clearance in *S. aureus* infection.[@CIT0078] These data emphasize the dual role of TLRs in pulmonary inflammation that greatly complicates the development of therapeutic agents that affect these receptors in COPD.

Despite the number of preclinical studies, there are no clinical studies of TLR antagonists for COPD treatment. However, therapeutic agents aimed at suppressing the inflammatory process in various diseases are of interest for future studies within this field. These include: OPN-305 (TLR2 antagonizing IgG4 monoclonal antibody) that is in Phase II clinical trials primarily for oncogenic therapy; NI-0101 (anti-TLR4 antibody) that is in Phase II clinical trials for the treatment of rheumatoid arthritis; VB-201 (small molecule inhibitor of TLR2/4) undergoing Phase II clinical trials regarding psoriasis and ulcerative colitis; JKB-122 (small-molecule inhibitor of TLR4) that is in Phase II clinical trials for the treatment of chronic hepatitis C.[@CIT0079],[@CIT0080] As of today, none of the TLR antagonists investigated in various inflammatory pathologies have been approved for therapeutic use. This is due to the fact that these drugs have a negative effect, weakening the immune response and increasing the risk of infection.

A promising new approach to increasing the effectiveness of TLR inhibitors is the use of delivery vehicles for targeted drug delivery,[@CIT0080] including liposomes (spherical vesicles with one or more lipid bilayers),[@CIT0081] hydrogels (hydrophilic network of polymer chains),[@CIT0082] nanoparticles (particles sized 1--100 nm),[@CIT0083] dendrimers (highly branched macromolecular structures),[@CIT0084] and cyclodextrins (cyclic oligosaccharides with a hydrophilic outer surface and a lipophilic central cavity).[@CIT0085] In addition, the possibility of using prodrugs that are activated after a certain enzymatic or chemical reaction is being considered.[@CIT0086] Preclinical studies of these delivery vehicles are currently underway.

In addition to direct targeting of TLRs, a promising strategy for reducing the inflammatory response in COPD may be to influence the adapter molecules of TLR signaling pathways.

One of these approaches is the inhibition of the TIR domain to suppress the TLR-mediated inflammatory process. Mistry et al have found that a small molecule inhibitor C16H15NO4 (C29) and its derivate (ortho-vanillin) inhibit TLR2/1 and TLR2/6 signaling pathways in HEK-TLR2 and THP-1 human cell lines and TLR2/1 signaling in mouse macrophages. A decrease in TLR2-induced inflammation has been observed in mice treated with ortho-vanillin.[@CIT0065] Cell-permeable decoy peptides (segments of the primary sequence of TIR domain) are also proposed as the inhibitors of TIR domain to suppress the cytokine response elicited by TLR agonists.[@CIT0069]

The possibility of using selective MyD88 inhibitors in the therapy of COPD is being discussed.[@CIT0068] The inhibitor of MyD88 dimerization, ST2825, is considered as a potential therapeutic agent in the treatment of chronic inflammatory diseases.[@CIT0066] Despite the fact that MyD88 inhibitors can have a significant impact on COPD progression, it should be noted that the complete loss of MyD88 signal transmission can blunt the immune response and increase the risk of infection.

Southworth et al have demonstrated that the inhibition of signal transducer and activator of transcription 1 (STAT1) represses IFN-γ-mediated TLR2 and TLR4 expression in alveolar macrophages in patients with COPD. The scientific group considers the modulation of these signaling pathways by JAK (Janus kinase) and STAT1 inhibitors as a novel anti-inflammatory strategy for COPD.[@CIT0087] The inhibitor of interferon regulatory factor 3 (IRF3), BX795, an important participant in the TRIF-dependent TLR4 signal cascade, can be used as a therapeutic agent for COPD to suppress acute exacerbation caused by a viral infection.[@CIT0066]

The pathogenetic mechanisms of TLR2 and TLR4 signaling pathways in COPD should be studied in more detail to develop new therapeutic agents that will modulate the immune response and lead to persistent remission.

Conclusion {#S0007}
==========

TLR2 and TLR4 play an important role in the immunoregulation of the inflammatory process in COPD. They are involved in the mechanisms of local and systemic inflammation, the development of exacerbation and the regulation of T-helper immune response in this pathology. Both the excessive activation of TLR2 and TLR4 signaling pathways and the suppression of signal transmission from these receptors may contribute to COPD progression. Many factors affect the expression and functioning of these TLRs, including smoking, air pollution, and bacterial load. Further studies are needed to detail the mechanisms of TLR2 and TLR4 participation in COPD pathogenesis. Available data on the role of these TLRs in COPD suggest that they might be promising targets for the treatment of the disease. However, further pharmacological studies of their antagonists are required.
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[^1]: **Abbreviations:** PAMPs, pathogen-associated molecular patterns; DAMPs, damage-associated molecular patterns; PMs, particulate matters; LPS, lipopolysaccharide; NTHi, nontypeable *Haemophilus influenza*; MC, *M. catarrhalis*; SP, *S. pneumoniae*; LTA, lipoteichoic acid; SA, *S. aureus*; SP, *S. pneumoniae*; PGN, peptidoglycan; MMP-9, matrix metalloproteinase 9; AIC, airway immune cells; AEC, airway epithelial cells; AM, alveolar macrophages; L, leukocytes; DC, dendritic cells; M, monocytes; BN, blood neutrophils; AN, airway neutrophils; CTL, cytotoxic T lymphocytes.
